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Summary. Mouse lingual epithelium incorporates significant amounts of L-proline-2, 
3-H a one hour after intraperitoneal injection of the tritiated amino acid. All viable cell strata 
incorporated approximately equal amounts of proline as assessed by autoradiographie tech- 
niques. Grain counts at 30 minutes, 1 hour, 4 hours and 24 hours, the four time periods studied, 
indicated a progressive incorporation of proline up to 4 hours following injection. Preferential 
incorporation of proline into any one cell structure or group of structures was not observed. 
KeratohyMin granules (KttG's) demonstrated incorporated proline; however, usually only 
one silver grain appeared over each granule, and, based on grain counts, the amount of proline 
incorporated by KHG's appeared slightly less than the general labeling observed in KHG- 
containing cells. This finding supports recent biochemical studies which have indicated a 
considerably lower proline content of keratohyalin than had previously been reported. Signi- 
ficant proline incorporation into the epithelial basal lamina was not observed during the 24 
hours of this study. Thus, while recent recombination experiments have conclusively demon- 
strated that epithelial basal cells synthesize considerable quantities of basal lamina in a 24 hour 
period; it would appear that epithelial basal cells contribute little to a formed, intact basal 
lamina. This finding lends credence to the concept of a long basal lamiua turnover time. 
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Introduction 
The avascular  na tu re  of a complex and  metabo l ica l ly  ac t ive  t issue such as 
s t ra t i f ied  squamous  ep i the l ium makes  the  problems of nu t r i en t  d i s t r ibu t ion  to  
var ious  cell s t r a t a  and  subsequent  nu t r i en t  u t i l iza t ion  pa r t i cu l a r ly  impor t an t .  
Amino acids incorpora ted  b y  s t ra t i f ied  squamous  epi thel ia l  cells, in add i t ion  to  
pa r t i c ipa t ing  in metabol ic  funct ions  common to all cells, are u t i l ized in the  syn- 
thesis  of specialized s t ruc tures  such as tonofflaments ,  ke ra tohya l in  granules  
(KHG's ) ,  desmosomes and  membrane  coat ing granules (Matols ty  and  Pa rakka l ,  
1967; Lis tgar ten ,  1972). A n  addi t iona l  specialized funct ion of s t ra t i f ied  squamous  
epi thel ia l  basal  cells is the  synthesis  of the  basal  l amina  (Br iggaman et al., 1971 ; 
H a y  and  Dodson,  1973). F u k u y a m a  and  Eps te in  (1966) have  s tud ied  the  incorpor-  
a t ion  p a t t e r n  of t en  different  amino acids in newborn  r a t  ep idermis  using the  
technique  of l ight  microscopic au to rad iography .  I n  add i t ion  to the  no tab le  f inding 
t h a t  hist idine,  serine and  arginine were preferent ia l ly  incorpora ted  b y  the  s t r a t u m  
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granulosum,  t h e y  demons t r a t ed  t h a t  i n t r ape r i tonea l ly  del ivered amino acids 
were r ap id ly  avai lab le  to s t ra t i f ied  squamous  epi thel ia l  cells ( F u k u y a m a  et al., 
1965; F u k u a y m a  and  Eps te in ,  1966). 
W e  have  elected to  s t u d y  p r o l i n e - g  3 incorpora t ion  b y  oral  mucosal  ep i the l ium 
using l ight  and  electron microscopic a u t o r a d i o g r a p h y  for a series of reasons:  
1) The r epor t ed  high prol ine con ten t  of ke r a tohya l i n  granules  (Matol tsy  and  
Matol t sy ,  1970) has  r ecen t ly  been chal lenged (Tezuka and  Freedberg ,  1972a; 
Ugel  and  Idler ,  1972). Therefore,  one purpose  of this  s t u d y  was to  de te rmine  
whe ther  there  was preferent ia l  incorpora t ion  of prol ine in to  kera tohya l in .  2) Pro-  
line and  i ts  h y d r o x y l a t e d  der iva t ives  considered toge ther  cons t i tu te  the  second 
mos t  p lent i ful  amino acid  recovered  f rom basement  membranes  (Kefalides,  1973). 
Therefore,  local iza t ion of prol ine could be used to  s t u d y  whether  epi thel ia l  basa l  
cells con t r ibu te  ex tens ive ly  to  a formed,  in t ac t  basa l  lamina.  3) Of the  amino 
acids s tud ied  b y  F u k u y a m a  and  Eps t e in  (1966), prol ine was repor ted  to be in i t ia l ly  
d i s t r ibu ted  in an a lmos t  equal  fashion be tween  the  basal ,  spinous and  granu la r  
layers .  Therefore,  prol ine appea red  to  be an  excel lent  choice for de te rmin ing  
whe the r  m a r k e d  differences in the  incorpora t ion  of t h e  amino acid, in a generic 
sense, occurred be tween  the  s t ra t i f ied  squamous  ep i the l ium of skin and  oral  
m u c o s a .  
Materials  and Methods 
Weanling C58 mice (14-17 gin) were injected intraperitoneally with 166 microeuries/gram 
of L-proline-2, 3-H a (s.a.>40 c/raM; New England Nuclear, Boston, Mass. 02118). The pro- 
line-H 3 was concentrated by flash evaporation and re-dissolved in sterile saline to yield a 
final injection volume of approximately 0.25 m]. The animals were killed by an overdose of 
ether at 30 minutes, 1 hour, 4 hours and 24 hours after injection. The tongue was removed 
and sliced into small pieces which were rinsed quickly in 3 changes of Eagle's minimum essential 
medium with Earle's salts (Grand Island Biological Co., Grand Island, New York 14072). 
Tissues were fixed for 2 hours at 4°C in a mixture of 1% paraformaldehyde and 1 To OsO a in 
0.1 M sodium cacody]ate buffer, pH 7.3. Following a brief buffer rinse, tissues were dehydrated 
in ascending concentrations of ethyl alcohol and propylene oxide prior to embedding in Epon. 
One micron sections were cut with glass knives and mounted on glass slides. In an attempt 
to minimize varying results due to differences arising from coating procedures, each slide 
contained sections from all experimental time periods (12 sections/slide). The slides were dip 
coated in NTB-3 emulsion (Eastman Kodak Company, Rochester, New York 14650) and, 
after appropriate exposure, developed for one minute in D-170 (Eastman Kodak Company) 
and fixed for 2 minutes in Rapid Fix (Eastman Kodak Company). The processed slides were 
stained in pH 7.3, 1% toluidine blue O, differentiated in an ascending series of ethyl alcohols, 
cleared in xylene with coverslips being affixed by the use of a synthetic resin. Sections having 
silver to pale gold interference colors were cut for electron microscopy using a diamond knife. 
The sections were collected on formvar-coated grids, stained with aqueous uranyl acetate and 
lead citrate, and subsequently coated by a light layer of evaporated carbon. The loop coating 
method (Caro and van Tubergen, 1962) was used to apply L-4 emulsion (Ilford, Ltd., Essex, 
England). Tissues were exposed for 58 days following which they were developed in F-24 
(Eastman Kodak Company) for 5 minutes and fixed for 2 minutes in Rapid Fix. A Philips 
EM-300 electron microscope was used to view and photograph the sections. Most photographs 
were taken at a magnification of 6000 times and grain counts were made on the negatives with 
no further enlargement. To establish units of lengths, a map measure (Catalog number 620305, 
Keuffel and Esser Co., Switzerland) was employed. 
In order to determine the availability of the proline-H a to the lingual epithelium, 100 micro- 
liters of mixed arterial and venous femoral blood were collected and added to an equal volume 
of sodium heparin (Liquaemin Sodium '°10", Organon, Inc., W. Orange, N. J.). Proteins were 
precipitated by the addition of cold 0.5 Ig perchloric acid which contained 0.5% phospho- 









P C A - P T A  S o l u b l e  C o u n t s  
i I I I 
:50 60 90 240 
TIME, Min. 
Fig. 1. Proline 2, 3-H a into lingual epithelium. Blood levels of unincorporated prolirte-H a at 
four time periods. Although the blood level dropped progressively after 90 minutes, there 
remained a considerable amount of unincorporated proline four hours after injection 
tungstic acid. One hundred microliters of the supernatant were added to a toluene-Triton 
X-100 scintillation counting fluid. Radioactivity of the supernatant was determined using a 
Packard Tri-Carb 3320 liquid scintillation spectrophotometer with adjustement for quenching 
made using an external standard. The results are shown in figure 1. 
Results 
The tissue selected for study was the minimally keratinized stratified squamous 
epithelium immediately contiguous with the specialized dorsal lingual mueosa. 
The epithelium consisted of approximately 10 layers of nucleated cells and 4 
layers of disjunctive, keratinized cells (Fig. 2). A distinctive s t ratum granulosum 
was not present. However, keratohyalin granules first appeared in the middle of 
the s t ra tum spinosum and subsequently increased in both number and size as the 
spinous cells approached the keratinized layer. 
The progress of proline incorporation into the lingual epithelium as monitored 
by light microscopy revealed a gradual incorporation over the first hour following 
injection (Figs. 34 ) .  Isotope incorporation appeared to be approximately equal 
in all viable cell strata. Both bacteria adhering to the lingual epithelium and a 
surface coat applied to the surface (cell membrane) adjacent to the oral cavity 
demonstrated proline incorporation one hour following injection (MacCallum, 1974) 
Four hours after injection the epithelium was intensely labelled. The innermost 
layer of disjunctive cells also demonstrated an occasional, heavily labelled cell 
(Fig. 5). Four hours was also the first of the time periods studied which demon- 
strated extensive labeling of the lamina propria. Twenty-four hours after proline 
injection the epithelium demonstrated a reduced, but nevertheless, still conspicuous 
amount  of labeling. The keratinized layer was labelled in its total i ty (Fig. 6). 
As reflected in the light micrographs, there was a progressive increase in the 
amount of proline incorporated by the epithelial basal cells as observed by electron 
microscopy. At the four hour t ime period grains were distributed over both the 
nucleus and cytoplasm (Fig. 7). Grains were also present over the basal lamina and 
the cells and extracellular components of the lamina propria. Twenty-four hours 
after proline injection the amount of labelled proline in the basal cells was reduced 
and fewer grains appeared over the basal lamina (Fig. 8). The connective tissue 
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Fig. 2. Survey electron micrograph illustrating morphology of lingual epithelium. Note lamina 
propria, usually quite thin, and contiguous with tongue musculature. Inse t :  Light micro- 
graph of this epithelium. × 3000, Inse t :  × 800 
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demonstrated the continued presence of a large quantity of incorporated proline. 
Data acquired from grain counts concerning proline incorporation by basal cells 
as it relates to the synthesis of the basal lamina are presented in Table 1. The 
decrease in the amount of labelled proline associated with the basal lamina at 
twenty four hours, when compared to 4 hours, is very closely related to the overall 
decrease of labelled proline found in epithelial basal cells (% grains/random straight 
line). 
Spinous cells demonstrated a gradual increase in the amount of labelled prolinc 
contained both within the nucleus and cytoplasm over the four hour period 
following injection (Fig. 9). There was a progressive increase in the percentage 
of KHG's  labelled over this same time period. Usually, each granule had one 
silver grain associated with it; however, occasional KHG's  demonstrated two 
grains (Figs. 10, l l) .  Grain counts reflecting increased incorporation of proline 
by spinous cells over the four hour period after isotope administration including 
increased labelling of KHG's  are presented in table 2. Both subjective observations 
of the labelled proline incorporated into KHG's and grain counts along a random 
straight line indicated there was no discernible preferential proline incorporation 
into keratohyalin. Table 2 also presents data relative to the number of grains 
associated with the edge of spinous cells. The phenomenon of peripherally- 
located proline was examined after many micrographs demonstrated a sizeable 
number of grains associated with spinous cell membranes. However, as the grains 
were not associated with any particular organelle and, as they did not show any 
marked percentage variation with time, we could not ascribe any particular 
significance to this distribution of the labelled amino acid. 
The progressive addition of labelled cells to the keratinized layer was easily 
followed by electron microscopy. One hour following proline injection the keratin- 
ized layer was devoid of label except for occasional immediately cells adjacent to 
the stratum spinosum and a surface coating at the junction of the epithelium with 
the oral cavity (Fig. 12). Twenty-four hours after pro/ine administration virtually 
all the keratinized cells were labelled (Fig. 13). The percentage of labelled cells 
entering the keratinized layer is tabulated in table 2. 
Discussion 
Based upon recombination experiments, in many instances using non-viable 
substrates, current evidence would indicate that  certain epithelia including 
stratified squamous epithelium can synthesize their own basal laminae (Brigga- 
man et al., 1971; Cohen and Hay, 1971; Hay  and Dodson, 1973). Our study in- 
dicates that  once the basal lamina is formed, the epithelial contribution to it is at 
a very low level. This conclusion is based upon our findings that  grains representing 
proline-H a associated with the basal lamina reflected directly the percentage of 
grains (incorporated proline-H 3) of basal cells. Thus, the lack of a disproportionally 
higher number of basal lamina-associated grains when compared against the 
number of grains in the basal cell cytoplasm at either the four or twenty-four 
hour period would put the epithelial basal cell's contribution to the basal lamina 
below the sensitivity of the techniques employed in this study. The stability of 
the basal lamina has been indicated by a number of experiments which are dis- 
cussed by Ross and Grant (1968). These investigators also demonstrated the per- 
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Fig. 3. Light microscopic autoradiograph 30 minutes following proline-H 3 injection. Toluidine 
blue O. × 450 
Fig. 4. Light microscopic autoradiograph 1 b_our following isotope injection; proline-H 3 
present in approximately equal amount in all viable cell strata. Surface labeling of epithelium 
due to proline-It a containing bacteria. Toluidine blue O. × 450 
Fig. 5. Light microscopic autoradiogr~ph 4 hours after proline-H 3 Injection. Epithelimn very 
heavily labelled. Lamina propria also demonstrates mcderate degree of proline-H ~ incor- 
poration. Toluidine blue O. × 450 
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Table 1 
Time Percent grains 
Basal Lamina s 
Percent grains 
Random straight Line a 
[71] 
4h  69 1 ~  70 
[=] 24h 32 12'2 30 
Arbitrary units of lengths made by map measuring device. 
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Table 2 
Time % keratohyalin % grains random % Edge touch vs % Disjunctive 
granules labeled straight line a total grains cells labeled ~ 
30rain 18 [:@0] 25 [6~1 29 [ 2 ]  0 
411 68 [11~] 73 [7~] 29 [2~586] 30 [15~ ] 
r -4ol 24h 12 ~ 2  - -  24 [ 6 ~ J  97 [ l ~ J  
In keratohyalin granule-contMning cells. 
b Grains at junction of oral cavity and stratum disjunctivum not counted. 
sistence of ra t  seminiferous tubular  basal laminae following involution of these 
s t ructures  subsequent  to hypophysee tomy.  Similarly, Pa rakka l  (1969) has de- 
mons t ra ted  the persistence of the hair  follicle outer  root sheath basal lamina  
following death  of the outer  root  sheath cells. This residual basal laminar  mater ia l  
was present  during the eatagen phase of the hair  growth cycle and subsequent ly  
disappeared during the telogen phase. Walker  (1972) used dark  field microscopy 
to s tudy  the t ime course for the disappearance of silver f rom the basal laminae of 
argyrie rats.  Fie found the silver disappeared f rom various basal  laminae a t  
different rates:  colon, 6 weeks; glomerular  basal laminae, 6 months ;  hair  follicle, 
2.5 years. Thus different basal laminae are degraded and resynthesized a t  different 
Fig. 6. Light microscopic autoradiograph 24 hours after proline-H a administration. All viable 
cell strata still retain considerable amount of proline-H 3. The keratinized layer is completely 
labelled. The muscle cells have incorporated very little proline-HS; most grains are localized 
in connective tissue of endomysium. Of 3 tissues (epithelium, connective tissue, muscle) 
studied, epithelium conspicuously incorporated greatest amount of proline-H 8. Toluidine 
blue O. × 450 
Fig. 7. EM autoradiograph of epithelial basal cell 4 hours after prolinc-I-I ~ administration. 
Note grains in basal cell, basal lamina, and lamina propria. × 10000 
Fig. 8. EM autoradiograph of epithelial basal cell 24 hours after proline administration. 
Reduced amount of proline-H 3 in basal cells and very little label associated with basal lamina. 
Although not shown in this micrograph, connective tissue of lamina propria demonstrated 
considerable labeling. × 10000 
Fig. 9. EM autoradiograph of spinous cell 4 hours after proline-H 3 administration. 1~o pre- 
ferential localization of proline-H 3. Many grains associated with cellular periphery (see bottom 
portion of micrograph). For kcratohyalin granule labelling see figures 11, 12. X 10800 
Figs. 10--11. Two prints specifically exposed to indicate extent of labeling over keratohyalin 
granules. Usually one and, more rarely, two grains were located over the granules. Three and 
four grains have been observed in only four, large keratohyalin granules. The significance of 
the biphasic nature of the keratohyalin granules, is not understood. 11: X 18000; 12: X 32400 
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Fig. 12. Spinous epithelial cells, labelled 1 hour following proline-tt ~ administration. Kerati- 
nized epithelial cells not labelled except at the jur~ction of epithelium with oral cavity (arrow). 
× 1200O 
Fig. 13. Keratinized layer completely labelled 24 hours after proline-tt a administration. 
× 12000 
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rates--however, all basal laminae studied by this technique appeared relatively 
long lived. 
Excellent biochemical data exist (Kefalides, 1973; Spiro, 1973) which indicate 
that the basal lamina possesses several proline-eontaining substances including 
collagen. The inability of several studies to localize proline-containing substances 
in the basal lamina is probably due to the facts that the lamina was formed and 
intact (Nadol and Gibbins, 1970; this study) or that  the connective tissue used in 
recombination experiments carried with it a pre-existing basal lamina (Berliner, 
1969). The diluting effect of exogenous non-labelled proline can also decrease the 
extent to which newly synthesized basal laminae are labelled (Hay and Dodson, 
1973). 
Data derived from our study, while indicating keratohyalin contains proline, 
would argue in favor the of more recently reported 1 to 3% proline content 
(Tezuka and Freedberg, 19723; Ugel and Idler, 1972) rather than the 13% re- 
ported by Matoltsy and Matoltsy (1970). Our findings revealed a rather light 
labeling of individual KGH's. Additionally, we were unable to demonstrate that  
a majority of the total grains present within KHG-eontaining cells could be 
localized within KGH's  as have Fukuyama and Epstein (1967) and Cox and Reaven 
(1967) using histidine-H 8. The rather large amount of histidine incorporated 
when compared with the amount of proline incorporated into KHG's  further 
argues against a high proline content for KHG's as histidine is thought to re- 
present between 3 (Tezuka and Frcedborg, 1972 a) and 10% (Ugel and Idler, 1972) 
of the total amino acids in keratohyalin. In fact, labeling of KHG's  was con- 
siderably less than the general labeling of the cell cytoplasm. This finding would 
appear to represent an additional argument against a high proline content for 
KHG's  when one considers that the proline content of tonofilaments, a major 
component of KHG containing cells, is thought to be between 1 and 2 % (Tezuka 
and Freedberg, 1972b: Matoltsy, 1965). The role keratohyalin granules play in 
the process of keratinization remains to be demonstrated (Tezuka and Freedberg, 
19723). 
Our study indicates that  stratified squamous epithelial cells synthesize a large 
number of proline containing substances which are widely distributed throughout 
both the cytoplasm and nucleus. Neither subjective inspection nor a variety of 
counting methods could localize the incorporated proline to either a single organelle 
or group of organcl]es. A temporal association of proline-H 8 with ribosomes prior 
to association with other structures was prevented both by the dispersed nature 
of the ribosomes within the cytoplasm and the resolution afforded by techniques 
employed. 
The distribution of proline-H 8 in mouse lingual epithelium is essentially the 
same as that reported for newborn rat epidermis (Fukuyama and Epstein, 1966). 
Thus, it would appear that  the stratified squamous epithelium from the two 
sources incorporates at least one amino acid in a similar fashion. Additionally, 
onr study would support the finding (Bernstein et al., 1970) that  amino acids pass 
easily across the basal lamina and have virtually free access to the cells in all 
epithelial strata. Our study also indicates that  the rate of proline incorporation 
(protein synthesis ?) is much higher in stratified squamous epithelium than in the 
underlying connective tissue or striated muscle. 
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